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ARTICLE

Measuring the Economic Value of Increased Precision
in Scientific Estimates of Marine Mammal Abundance
and Bycatch: Harbor Porpoise Phocoena phocoena
in the Northeast U.S. Gill-Net Fishery

Kathryn D. Bisack*
National Oceanic and Atmospheric Administration, Northeast Fisheries Science Center,
Social Sciences Branch, 166 Water Street, Woods Hole, Massachusetts 02543, USA

Gisele Magnusson
Integrated Statistics, 16 Sumner Street, Woods Hole, Massachusetts 02543, USA

Abstract
Marine mammal stock assessments provide information that is valuable to public sector management and the

private fishing sector; however, data are costly to collect. The precautionary approach, which is widely used in fishery
and marine mammal management, advocates a conservative management decision with priority to the resource when
there is uncertainty regarding the impact on the resource from human activity. The potential biological removal
(PBR) control rule of the U.S. Marine Mammal Protection Act explicitly incorporates uncertainty in input variables
into the determination of allowable levels of human-induced mortality for a stock. Less uncertainty results in higher
PBR values for a given stock level. Variations in government funding levels can disrupt the scientific data collection
that is necessary for PBR calculation. We present an economic net benefit framework that examines the indirect
value of information from marine mammal stock assessments to the commercial fishing industry. Using the harbor
porpoise Phocoena phocoena and the U.S. Atlantic sink gill-net fishery as a case study, we estimated the difference
between total public sector data collection costs and total private sector benefits from increased profits. Net benefits
represent a measure of the value of information to society, while the difference in profits measures the value of the
information to the private sector. Several results are forthcoming. First, the optimal allocation of funding showed
that abundance surveys are a more cost-effective means to reduce uncertainty in PBR input variables than increasing
observer coverage of the fishing industry. Second, for all levels of PBR in this empirical example, total benefits to the
private sector for a higher PBR exceeded the costs of collecting additional scientific data to increase the precision
of input variables and thus increase PBR. Since net benefits are positive, the private sector may consider funding of
scientific data collection for marine mammals as a way to reduce uncertainty, thereby allowing a higher PBR value.

The management of marine resources can create costs for
both the public and private sectors. The public sector provides
funds for biological assessments to determine population levels
and a sustainable level of human impacts. Biological assess-
ments rely on sampling data, which introduce uncertainty into
stock assessment estimates. The precautionary approach, which
is widely used in fishery and marine mammal management, ad-
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vocates a conservative management decision with priority to the
resource when there is uncertainty regarding the impact on the
resource from human activity (FAO 1996; Hildreth et. al. 2004).
In general, the greater is the uncertainty, the greater are the re-
strictions and the greater are the costs to industry. However, there
are costs associated with reducing uncertainty, such as the costs
of collecting data to increase the precision of stock estimates.
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FIGURE 1. A framework for measuring the value of scientific information based on the link between management actions and economic outcomes.

This suggests the existence of an economic tradeoff between
the value placed by the private sector on a reduction in scientific
uncertainty and the higher public costs of collecting additional
scientific data to increase the precision of the information.

The economic tradeoffs between the costs and benefits al-
low us to identify a value for scientific information through
the link between management actions and economic outcomes
(Figure 1). There is uncertainty in the biological state of the
world, and we use scientific data collection to describe that state.
The public sector has a choice to use a low-cost or high-cost
measurement system, resulting in lower or higher precision, re-
spectively. The scientific information gains value for the private
sector through the impact of that information on management
actions or decision rules (Huppert 1996). The management out-
come is a behavioral change in the managed sector (e.g., a
change in fishing effort). In this context, the scientific infor-
mation has value since it triggers management decisions that
affect the economic outcomes (e.g., fishing profits); the larger
the effect, the greater is the benefit or value of the information.

Different levels of precision in scientific information will result
in different economic outcomes and thus will have different val-
ues to the private sector depending on the degree of impact. For
example, a fishery may respond to decreases in allowable catch
by changing the amount and location of fishing effort (man-
agement outcome), which may reduce profitability (economic
outcome) and the future stream of benefits.

Balancing the value of additional information with the cost
of collecting that information is an ongoing issue in resource
management; however, determining the balance may be espe-
cially challenging in marine mammal science. For species that
are not commercially harvested or that are bycatch with no
market price, such as marine mammals, the value of additional
scientific information must be estimated indirectly. This leads
to greater difficulty in measuring the link between the manage-
ment outcome and the economic outcome. Here, we present
an economic net benefit framework that examines the indi-
rect value of information from marine mammal stock assess-
ments to the commercial fishing industry. The government is
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responsible for marine mammal monitoring and survey activi-
ties that directly influence the bycatch restrictions placed on the
fishing industry. The difference in profits under alternate states
of high and low precision provides a measure of the value of
scientific information to the industry. This value minus the costs
to collect the information provides a partial measure of the net
benefits of the information to society.

The U.S. Marine Mammal Protection Act (MMPA) was en-
acted in 1972 and established a long-term regime for governing
interactions between marine mammals and commercial fishing
operations. The potential biological removal (PBR) control rule
was enacted under the MMPA in 1994 and specifies the allow-
able level of human-induced mortality for a marine mammal
stock (MMPA 1972, section 1386). When the 5-year average of
the annual bycatch estimate is greater than PBR, the stock is
designated “strategic.” The National Marine Fisheries Service
(NMFS) must convene a take reduction team (TRT), which has
6 months to develop a take reduction plan (TRP). The TRP must
reduce bycatch below PBR within 6 months of implementation,
with a long-term goal of reducing bycatch to insignificant lev-
els approaching zero. The objective of the TRT process is to
identify policy alternatives that achieve a given level of con-
servation (i.e., bycatch below PBR) in a cost-effective manner
(see NOAA 2009 as an example). In general, most of the costs
associated with a reduction in bycatch are borne by private en-
tities (e.g., fishers) through a combination of direct costs (e.g.,
gear modifications) and harvest reductions (e.g., closed times
or areas, or use of less-efficient gear). For example, the TRPs
for harbor porpoises Phocoena phocoena in the Gulf of Maine
and for Atlantic coastal bottlenose dolphins Tursiops truncatus
combine gear modifications with seasonal–spatial closures to
reduce the incidental take in high-bycatch areas (Resolve 1996;
NOAA 2006, 2009). The TRP for false killer whales Pseudorca
crassidens in the Pacific identified gear modifications as the
cost-effective solution (NOAA 2012). In general, less-stringent
PBR constraints result in lower costs to the industry.

Potential biological removal is a conservative measure that
errs on the side of marine mammal protection by decreasing
when uncertainty is high, as measured by the CVs for the abun-
dance and bycatch estimates (Wade and Angliss 1997). The three
components of the PBR calculation are based on abundance es-
timates, bycatch estimates, and life history assessments. These
components are derived from data collected during abundance
surveys, observer trips aboard fishing vessels, and a combina-
tion of carcass necropsies and longitudinal live-animal studies,
respectively (Waring et al. 2009). In the USA, these activities
are publicly funded. For a given population and with constant
environmental factors, higher expenditures on surveys and ob-
server trips generally increase the precision of the variables that
are used to calculate PBR. Legislation and budgets determine
the level of funding, which affects the scale, intensity, and fre-
quency of research assessments and observer coverage but may
not take into account the indirect economic impacts of those
decisions. A lack of consistent funding necessitated the devel-

opment of management guidelines to address outdated stock
assessments (U.S. Department of Commerce 2012), although
economic aspects are not considered. We present a framework
for comparing the public cost to improve the precision of vari-
ables used to calculate PBR and the private sector benefits that
accrue due to fishing effort changes from a higher PBR value.
We illustrate the framework by using a case study of the harbor
porpoise and the U.S. Atlantic coast sink gill-net fishery, which
are described by rich data sets that facilitate our investigation.

Throughout this analysis, the PBR values discussed are con-
sistent with the requirements set out in the MMPA—that is,
higher or lower values of PBR result only from changes in input
variables for the current PBR model. This assumes that the true
population level does not change and that the level of protection
provided by constraining mortality to PBR allows a sustainable
source of mortality that is appropriate for protection of the pop-
ulation. Furthermore, it is assumed that the level of protection
provided by PBR is acceptable to society and that the actual
value of PBR does not affect this level of social acceptance.

We first present background information about our case study
(management of harbor porpoises and the northeast U.S. gill-net
fleet) and detailed information on the PBR calculation. We then
explain the methods that are used to solve the public and private
sector problems and develop the means to compare tradeoffs
between them. Results and discussion follow.

BACKGROUND

Harbor Porpoise Management under the Marine Mammal
Protection Act

There are four harbor porpoise populations in the northwest
Atlantic (Waring et al. 2009). This study focuses on the Gulf of
Maine/Bay of Fundy (GOM/BOF) population, which is found
in the USA from North Carolina to Maine during the fall and
winter. In the late spring, harbor porpoises within the GOM/BOF
population migrate northward out of U.S. waters and mate in
the BOF area of Canada during the summer. A single PBR
value is calculated for the GOM/BOF population throughout
its U.S. range, and the value is re-estimated as new scientific
data become available. Since 1998, PBR has both increased and
decreased (Figure 2). Both the PBR increase in 2000 and the
decrease in 2006 were due to updates in abundance estimates
from new surveys. In 2009, PBR increased by 98 animals due to
new scientific results on the maximum theoretical productivity
rate for the harbor porpoise (Moore and Read 2008); revisions
of the maximum productivity rate are a rare occurrence.

Observers in the northeast USA have found harbor por-
poises caught incidentally only in gill nets. Harbor porpoises
can be entangled in the gear and suffocate. Sink gill-net ves-
sels operate from Maine to North Carolina year-round (Bisack
and Sutinen 2006). Vessels leave port in the morning, haul
and reset their gear, and return to port the same day. Target
species landed by this fleet include Atlantic Cod Gadus morhua,
Spiny Dogfish Squalus acanthias, Pollock Pollachius virens,
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FIGURE 2. Potential biological removal (PBR) value for the Bay of
Fundy/Gulf of Maine harbor porpoise stock (diamonds), total annual bycatch
estimates (squares), and the 5-year average annual bycatch (triangles) from 1998
to 2009. Changes in PBR are due to updated abundance estimates (in 2000 and
2006) and an increase in the maximum productivity rate (in 2009).

Goosefish Lophius americanus (also referred to as “monkfish”),
and flounders (Pleuronectiformes). The mix of species landed
varies by season and area.

Each year, the National Oceanic and Atmospheric Adminis-
tration (NOAA) estimates the bycatch of harbor porpoises from
the GOM/BOF population in the North Atlantic sink gill-net
fishery, with separate estimates for the fishery from Maine to
Connecticut (the northeast) and from New York to North Car-
olina (the Mid-Atlantic). During the last decade, there has been
a cycle in which total harbor porpoise bycatch moved above
and below PBR as both values moved up and down (Figure 2).
Annual estimates of bycatch mortality vary due to a number
of factors, including changes in fishing effort and practices,
observer sampling, and movement of harbor porpoises. These
factors directly influence the CV for the bycatch estimate.

The 5-year average bycatch mortality was above PBR from
1998 to 2000, at which point it dropped below PBR with imple-
mentation of the first TRP in 1999 (U.S. Department of Com-
merce 1998). The TRP created seasonal closed areas and re-
quired fishers to attach acoustical devices (pingers) to their nets
so as to deter harbor porpoises from approaching the fishing
gear. In 2006, the 5-year average mortality once again exceeded
PBR, and in 2007 the TRT reconvened to develop a new plan
(U.S. Department of Commerce 2010). Data on the new plan
were not available for incorporation in this analysis.

Potential Biological Removal Calculation
Potential biological removal is defined in the MMPA as “the

maximum number of animals, not including natural mortalities,
that may be removed from a marine mammal stock while al-
lowing that stock to reach or maintain its optimum sustainable

population.” The equation used to calculate PBR is

PBR = Nmin × 0.5Rmax × Fr, (1)

where Nmin is the minimum population estimate, Rmax is the
maximum theoretical or estimated net productivity rate of the
stock at a small population size, and Fr is a recovery factor.
The goal of PBR is to allow each stock to reach or maintain a
population level above the maximum net productivity level. A
conservative surrogate for a known net productivity rate at the
maximum net productivity level is provided by 0.5Rmax, which
is based on biological data.

The Fr is set at a value between 0.1 and 1.0. Setting Fr to less
than 1.0 allocates a proportion of the expected net production
to population growth. In general, for endangered stocks, Fr is
set at 0.1; however, Fr is a parameter that allows managers to
account for uncertainties in addition to abundance estimate pre-
cision, such as a lack of full knowledge about stock boundaries
(Wade 1998). For stocks with bycatch estimates, guidance on
the calculation of PBR allows the Fr value to directly take into
account the uncertainty in the bycatch estimate (B), as mea-
sured by the CV of the average bycatch estimate (CVB). The
CVB is a function of the number of observed fishing trips, with
the value decreasing as more trips are observed. As the preci-
sion of the bycatch estimate decreases (i.e., CVB increases), a
larger portion of expected net production is allocated to popula-
tion growth. The suggested adjustments to Fr for threatened or
depleted stocks (e.g., harbor porpoises; NMFS 2005) are as fol-
lows: (1) when CVB ≤ 0.3, set Fr at 0.5; (2) when 0.3 < CVB ≤
0.6, set Fr at 0.48; (3) when 0.6 < CVB ≤ 0.8, set Fr at 0.45;
and (4) when CVB > 0.8, set Fr at 0.4.

The calculation of Nmin incorporates both the precision and
variability (CVNbest) of the abundance estimate (Nbest). Specifi-
cally, the calculation is

Nmin = Nbest

e
{

z∗
√

loge[1+(CVNbest)
2]
} . (2)

Consistent with MMPA definitions, Nmin is calculated such that
a stock of unknown status would achieve and be maintained at
the optimal sustainable population with 95% probability (NMFS
2005). Population simulations have demonstrated that this goal
can be achieved by defining Nmin as the 20th percentile of a
lognormal distribution based on an estimate of the number of
animals in a stock (Wade 1998). This is equivalent to the lower
limit of a 60% two-tailed confidence interval, where the standard
normal variate z* is equal to 0.842.

DATA AND METHODS
In this section, we develop a framework for assessing the

costs and benefits of precision sampling for harbor porpoises by
using CVNbest and CVB as metrics for the level of uncertainty.
We do not attempt to develop a full cost–benefit analysis for
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harbor porpoise management, as that is beyond the scope of
the present paper. Three steps are required in the estimation of
the cost and benefit tradeoffs. First, we determined an efficient,
least-cost allocation of public sector expenditures for abundance
surveys and observer trips by resolving the problem for given
PBR levels. Second, we used a previous numerical bioeconomic
model (Bisack and Sutinen 2006) to estimate changes that occur
in gill-net fleet profits as the allowed harbor porpoise bycatch
cap changes. Finally, we used the difference between public
sector costs and private sector benefits to obtain an estimate of
the net benefits (NB), or the value of additional information for
reducing uncertainty at different PBR levels.

Costs for Information Collection
The cost-minimization problem brings together the uncer-

tainty in the abundance and bycatch estimates, the role of this
uncertainty in the PBR calculation, and the cost of collecting
the data necessary for the estimates. We consider only the direct
costs associated with acquiring biological data. We use several
years of aerial abundance survey data to model the relation-
ship between the precision of the harbor porpoise abundance
estimate (i.e., CVNbest) and the total kilometers of trackline sur-
veyed (explained below). Similarly, we estimate the relationship
between the precision of the bycatch estimates (i.e., CVB) and
the number of observed fishing trips. In general, large-scale
survey sampling effort can be partitioned into several homoge-
neous strata to minimize the overall CV of the total abundance
or bycatch estimate. We assume that a similar methodology is
used at all scales so that changes in CV are strictly the result of
additional tracklines and observer trips. These two survey rela-
tionships are brought together in a nonlinear cost-minimization
model to estimate the least cost combination of activities for a
given PBR level.

This analysis does not consider public sector administra-
tive and management costs for the TRT process, which were
estimated to require $150,000 in direct costs for face-to-face
meetings during 2007 (A. Johnson, NMFS, Greater Atlantic
Regional Fisheries Office, personal communication). Although
these costs are substantial, they do not directly influence scien-
tific sampling decisions or the profits earned in the sink gill-net
fishery.

Abundance surveys.—The most recent Nbest of 89,054 har-
bor porpoises (CVNbest = 47%) was based on a 2006 survey of
10,676 km of trackline (Palka 2006). The Nbest and CVNbest influ-
ence PBR through the calculation of Nmin. We assume a constant
Nbest of 89,000 animals, allowing only the CVNbest to vary. This
is a simplification since Nbest is likely to change as the CVNbest

changes; however, allowing for changes in Nbest complicates the
presentation without significantly adding to the framework.

To estimate marine mammal abundance, NOAA conducts
surveys to collect data by using ships, planes, or both. Since
1994, all PBR values for harbor porpoises have been based
solely on aerial surveys. In this analysis, we use only the results
from the single-species aerial surveys conducted between 1999

TABLE 1. Observed harbor porpoise abundance estimates (Nbest), CV of
abundance estimates (CVNbest), kilometers of trackline flown (L), other key
variables (TSD = total survey days; δ = days allocated to observer training and
transit between survey points; β = observed number/percentage of nonsurvey
days due to poor weather conditions; α = average kilometers of trackline sur-
veyed per day), total survey cost, and average cost per kilometer flown for aerial
surveys of harbor porpoises in the northwest Atlantic during 1999–2006 (D.
Palka, NMFS, Northeast Fisheries Science Center, personal communication).

Variable 1999 2002 2004 2006

Nbest 22,255 64,047 51,520 89,054
CVNbest (%) 76 48 65 47
L (km) 5,649 7,465 6,097 10,676
TSD 23 29 31 34
Achieved TSD 8 12 13 18
δ 2 2 3 4
β in days 13 15 16 12
β as a percentage of

TSD
57 52 48 35

α 706 622 469 593
Total survey cost ($)a 95,000 120,000 145,000 140,000
Average cost per

kilometer flown ($)
17 16 24 13

aThe trackline cost includes the labor costs for pilots and marine mammal observers,
plane rental costs, and fuel consumption as well as other direct overhead costs identified
above (Palka, personal communication).

and 2006 (Palka 2006, 2012), which allows comparability of the
multiple data points.

Aerial abundance surveys are preplanned and prepaid. The
line length (L) to be surveyed depends on the desired level of
precision for the abundance estimate, the estimated encounter
rate of the animals, and the CV for the encounter rate. Encounter
rate values are typically available from pilot study data or pre-
vious surveys. Aerial survey costs are based on the total survey
days, which incorporate L, the average kilometers of trackline
surveyed per day (α), the expected percentage of nonsurvey days
due to poor weather conditions (β), and the number of days al-
located to observer training and transit between survey points
(δ; Buckland et al. 1993). This analysis assumes that with an in-
crease in L, all other variables remain unchanged. For the harbor
porpoise aerial surveys, the planner typically assumes that 50%
of the sea days will be bad weather (β = 0.5), and historical sur-
vey data indicate that the Twin Otter plane can survey roughly
600 km/d. The β value may be set at different levels in different
regions, with the value generally higher in the northeast than
in other U.S. regions, such as the southwest. Based on data ob-
served between 1999 and 2006, the cost per kilometer of track-
line ranged between $13 and $24 and averaged $18 (Table 1).

We model the relationship between cost and precision sam-
pling for Nmin by observing how CVNbest varies with the kilo-
meters of aerial trackline surveyed (x1; Figure 3). In general, an
increase in surveyed trackline results in a decrease in the CVNbest

(Palka 2006). Although either variable (x1 or CVNbest) can be
estimated given the other, in the model we used the inverse
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FIGURE 3. Observed kilometers of aerial trackline surveyed (x1) in relation
to the corresponding CV of the harbor porpoise abundance estimate (CVNbest;
diamonds) for 1999, 2002, 2004, and 2006.

relationship x1 = β0eβ1CVNbest (with parameter estimates of β0 =
20,167, P = 0.002; and β1 = −0.017, P = 0.144), which had an
R2 value of 72%. Since Nmin is a function of CVNbest, the trade-
offs between tracklines and sampling precision are embedded
in the PBR formula.

Observer program.—The 2008 estimate of harbor porpoise
bycatch in the northeast sink gill-net fishery was 666 animals
(CVB = 48%) based on 494 observed trips (Orphanides 2009).
Observer data are necessary to estimate the total annual bycatch
of harbor porpoises. The NMFS places third-party observers on
a sample of commercial fishing vessels, and these observers col-
lect biological data on the incidental takes of protected species
as well as retained and discarded fish. The cost of an observer
trip is approximately $1,050 per trip, which includes the ob-
server labor, training, gear, travel, and other direct overhead
costs as well as data entry and editing in a database (A. Van
Atten, NMFS, Northeast Fisheries Science Center [NEFSC],
personal communication).

The observer data are used to estimate a sample bycatch rate
(b) in terms of the number of harbor porpoises per observed
fishing trip. To estimate the total bycatch (B), the estimated b is
multiplied by the total number of fishing trips in the population
(F): that is, B = F × E(b), where F is known and E(b) is the ex-
pected bycatch rate. To estimate the CVB, we use the SD of the
sampling distribution of b (σb), which is a function of the num-
ber of observed trips in the original sample (x0; NMFS 2005).
As we increase the number of observed trips (x2), we expect the
new ĈVB = (σ̂b/B) to decrease, all else held constant, where

σ̂b =
√

σ2
b[x0/x2]). Using Orphanides’ (2009) harbor porpoise

bycatch estimates with all else held constant, the rate of reduc-
tion in CVB diminishes as the effort increases (i.e., the slope of
the curve is steeper at lower effort levels; Figure 4).

Increased confidence in the bycatch estimate from a lower
ĈVB can translate into a higher estimate of PBR through Fr.
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FIGURE 4. Total number of observer trips (x2) in relation to the corresponding
estimated CV of harbor porpoise bycatch (CVB). This is based on the 2008
northeast bycatch estimate (B) of 666 harbor porpoises (CVB = 48%) from 494
observed trips (x0).

In the model, we use a continuous approximation of the step
function described for Fr (see Potential Biological Removal
Calculation). Given the narrow range for Fr (0.4–0.5), the es-
timated linear function is quite flat. The relationship is Fr =
f (ĈVB)—specifically, Fr = β0 + β1·ĈVB (where β0 = 0.559,
P = 0.002; and β1 = −0.181, P = 0.05), with an R2 of 90%.

Optimal allocation of public sector expenditures.—Higher
levels of funding are capable of producing lower levels of un-
certainty. The objective is to minimize the total cost (TC) of
acquiring biological data through the allocation of expenditures
for abundance surveys and observed fishing trips at a given
PBR level and a constant population estimate (Nbest). We use
estimates of ĈVNbest and ĈVB from the equations above to
measure the level of uncertainty associated with different levels
of abundance survey tracklines and observer trips, which had
different costs. Repeatedly solving the cost-minimization prob-
lem for different PBR levels allows us to trace out the TC curve.
For notational simplicity, the ith PBR level is represented as Pi.

We solve the nonlinear cost-minimization problem for the
two decision variables—kilometers of trackline surveyed (x1)
and number of observer trips (x2)—subject to a given Pi as
follows:

Minimize TC : TCPi = c1x1 + c2x2 (3)

subject to

Nmin[ĈVNbest(x1)] × (0.5Rmax) × {Fr[ĈVB(x2)]} ≤ Pi ,

where x1 ≥ 0, x2 ≥ 0, 0.40 ≤ ĈVNbest ≤ 1.00, 0.30 ≤ ĈVB ≤
1.00, Rmax = 0.04, Nbest = 89,000, and i = 1, 2, . . . N (N is the
number of PBR levels examined with our model). For simplicity,
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we suppress this additional notation on the decision variables
(x1 and x2). The average cost per kilometer of trackline surveyed
(c1) from a Twin Otter plane is $18, and the average cost per
observed fishing trip (c2) is $1,050 (see Abundance Surveys and
Observer Program). The ĈVNbest and ĈVB are constrained, with
the lower bound based on the levels observed and the upper
bound based on levels that are considered acceptable from a
scientific perspective (Waring et. al. 2006, 2009). Lower CVs
may be achievable with other survey techniques and stocks;
however, these are the minimums that have been attained for
this particular harbor porpoise stock and survey method. For
bycatch, Fr constrains the lower bound of CVB to 30%. We also
chose to not allow the CVNbest to extend outside the range of the
observed data.

The solution to the cost-minimization problem produces the
optimal kilometers of trackline to survey (x∗

1 ) and optimal num-
ber of observed fishing trips (x∗

2 ), which provide solutions for
CV∗

Nbest and CV∗
B for a given Pi. This empirically traces out a

direct connection between the cost of scientific information to
a marine mammal management action or decision (Figure 1).

Benefits to the Fishing Sector
Potential biological removal can result in constraints being

placed on the private fishing sector, and relaxing those con-
straints can generate benefits in the form of increased profits.
The private fishing sector responds to management changes in
PBR by changing the amount and location of fishing effort, and
these alterations in fishing behavior affect the profits of fishing
(“economic outcomes”). The benefits of an increase in PBR are
estimated via a numerical bioeconomic model of the sink gill-
net fleet; for details on the model, see Bisack and Sutinen (2006)
and Bisack (2008).

The model stratifies the fleet by season and port group. The
fleet as a whole behaves as if it is attempting to maximize prof-
its over the year, subject to a total harbor porpoise cap (Pi) set
by management. Trip-level equations are estimated from the
vessel-based observer program, and the model is expanded and
calibrated to fleet-level catch data. Compared with the baseline,
a lower Pi will limit the number of fishing trips that can occur
in season-ports where harbor porpoise bycatch occurs, and this
can result in reduced or lower-valued landings and thus forgone
profits. Alternatively, an increase in Pi allows the fishing indus-
try to relax previous restrictions and potentially increase profits,
leading to a benefit over the previous (lower) cap level.

The changes in profits are translated to a marginal willingness
to pay (WTP) for one more unit of harbor porpoise, which pro-
vides additional fishing opportunities and profit. This represents
a demand function for additional bycatch and associated fish-
ing opportunities. As the harbor porpoise cap becomes scarcer
(lower), the WTP for an individual unit of harbor porpoise in-
creases. Use of the WTP function allows for interpolation of
changes in total fleet profit at different Pi levels without re-
running the original model.
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FIGURE 5. Willingness-to-pay (WTP) values (diamonds) for a unit of harbor
porpoise at different potential biological removal (Pi) levels (Bisack and Sutinen
2006), converted to 2009 dollars with fitted equation (line).

The total benefits (TBPi ) for a change in the harbor porpoise
cap from Pi−1 to Pi is defined as follows:

TBPi =
N∑
i

WTPPi (Pi − Pi−1), (4)

where WTPPi = β0 + β1 Pi + β2 P2
i . Bisack and Sutinen’s

(2006) estimates for the price of one unit of the harbor porpoise
cap range from $2,000 (for a cap of 951 animals) to over $8,000
(for a cap of 209 animals; Figure 5). We adjust the earlier model
price values for inflation using the 2009 gross domestic product
implicit price deflator. The point data are used to fit a quadratic
function for WTPPi , with coefficient estimates of β0 = 10,960
(P = 0.05), β1 = −19.58 (P = 0.22), and β2 = 0.011 (P = 0.36),
resulting in an R2 value of 88%.

Bringing Costs and Benefits Together
We use the concept of NB to illustrate the economic tradeoff

between the costs to reduce scientific uncertainty and the private
benefits available to the fishing sector by a reduction in restric-
tions as uncertainty is reduced. Net benefits are the difference
between the optimal TC and the TB. The objective of an eco-
nomic analysis is to find an efficient outcome that maximizes
the net benefits to society from an activity.

Therefore, NB for the ith harbor porpoise cap, Pi (i.e., PBR
level), are defined as follows:

NBPi = TBPi − TCPi . (5)

For ease of presentation, we present the results in terms of TC
and TB curves, with the maximum defined by the difference
between the two. However, the maximization of NB is also the
intersection of a marginal benefit curve and marginal cost curve.
The private sector demand curve for harbor porpoises represents
the marginal benefit to the private sector for an additional unit of
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the harbor porpoise cap. The public sector optimization creates
a marginal cost curve of supplying the harbor porpoise cap, with
all things unchanged except the two inputs (abundance survey
tracklines and observer trips). The intersection of the two curves
describes the static maximization of NB.

RESULTS

Costs for Information Collection
The results were attained by re-running the cost-

minimization model with different Pi levels. Feasible solutions
were found for a narrow range of Pi values between 354 and 643
harbor porpoises when the CVNbest and CVB were at their max-
imum and minimum values, respectively (Table 2). Throughout
the analysis, Nbest was set at 89,000 animals; however, with Rmax

at 0.04 and the CV boundaries imposed, the PBR formula con-
strains the Pi values to between 0.40% and 0.72% of any Nbest

value.
The use of a continuous equation for Fr implicitly defined the

minimum amount of observer coverage as 147 trips when the
CVB reached 88% and with Fr equal to 0.040. This also meant
that the upper bound constraint on CVB was not binding, as
the Fr equation restricted CVB from exceeding 88%. With the
step function (see Potential Biological Removal Calculation),
Fr reached 0.4 when CVB was higher than 80%, meaning that
cost savings could be achieved by allowing for a higher CVB

and fewer observer trips without a reduction in Fr or PBR.
The minimum Fr value with corresponding CVB and observer
trips defines the lowest PBR value as 354 harbor porpoises when
CVNbest is constrained to its maximum. The continuous equation
for Fr also implicitly defines a maximum number of observer
trips as 1,049 trips when CVB is at 32.9% and when Fr equals
0.5. This constrains the upper range of Pi to 643 animals.

The results from the cost minimization indicate that for the
range of Pi values examined, the cost-effective action is to in-
crease the amount of tracklines and thus lower the CV∗

Nbest . To

TABLE 2. Results of cost minimization for information collected at different
potential biological removal (Pi) levels for harbor porpoises: total cost, kilome-
ters of trackline (x1), number of observer trips (x2), and the recovery factor (Fr),
CV for bycatch (CVB), and CV for the abundance estimate (CVNbest) achieved
given the choice variables.

Total cost
(thousands

Pi of dollars) x1 x2 Fr CVB CVNbest

354 221.0 3,711 147 0.400 88.0 99.6
400 251.7 5,414 147 0.400 88.0 77.4
450 287.8 7,421 147 0.400 88.0 58.8
500 326.3 9,561 147 0.400 88.0 43.9
550 408.8 10,216 214 0.427 72.8 40.0
560 437.9 10,216 242 0.435 68.6 40.0
600 636.0 10,216 431 0.466 51.4 40.0
643 1,285.0 10,216 1,049 0.499 32.9 40.0
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FIGURE 6. Empirical example showing that the total benefits to the fishing
sector from increased profits at higher potential biological removal (Pi) levels
for harbor porpoises exceed the total cost of the data collection necessary to
increase the precision of PBR input variables, thus allowing for higher Pi levels
under a fixed population estimate. Total net benefits are the difference between
total cost and total benefits and are maximized here at 545 animals.

allow for a higher Pi, the optimization first incorporates more
tracklines to reduce CV∗

Nbest if possible. When CVNbest is at
its minimum (i.e., 40% when Pi = 550 animals), an increase
in observer trips is necessary to further increase Pi. Although
the cost of tracklines to improve precision may be lower, both
tracklines and observer trips are modeled as necessary inputs to
the calculation of Pi; the number of observer trips cannot fall
below the minimum of 147 to achieve a CVB of 88%, and the
trackline distance surveyed cannot fall below 3,711 km for a
CVNbest of 99.6%.

To move beyond a Pi of 500 animals, it is only possible to
increase precision by increasing the number of observer trips,
resulting in a rapid increase in costs (Figure 6). The cost per unit
of Pi increases from an average of $770 between 450 and 500
animals ([$326,300–$287,800]/50) to an average of $15,000
between 600 and 643 animals. Beyond 643 animals, the use of
additional tracklines or observer trips would result in increased
costs without an increase in Pi, as the CVs are unchanged due
to their lower bound constraints.

Bringing Costs and Benefits Together
Total fishing sector benefits from increases in Pi (see Ob-

server Program), are derived from the model of Bisack and
Sutinen (2006). Total benefits range from $1.914 million for a
Pi of 354 animals to $3.016 million for a Pi of 643 animals
(Figure 6). This is based on values that ranged between $5,407
per animal (at Pi = 354 animals) and $2,918 per animal (at
Pi = 643 animals); as Pi increases, the value per animal de-
creases.

Net benefits are calculated as the difference between TB and
TC. At all Pi between 354 and 643 animals, the total public
sector costs of collecting additional scientific data to increase
precision and thus increase Pi are lower than the TB to the



ECONOMIC VALUE OF INCREASED PRECISION 319

private sector from such an increase (Figure 6). In this specific
example, maximum economic NB occur at a PBR value of 560
animals. Beyond this point, TB still exceed TC; however, the
cost of collecting additional scientific data increases faster than
profits increase.

DISCUSSION
In the USA, the public sector fully funds biological assess-

ments for marine mammals. Funding shortfalls can delay or
reduce the scale and frequency of abundance surveys (Simpkins
and Srinivasan 2013) and can constrain the number of deployed
observer trips. Reduced funding may lead to lower precision in
key PBR input variables, resulting in a more conservative PBR
value and potentially higher economic costs to society. The
framework developed in this paper demonstrates that methods
and data exist to assess the economic tradeoffs associated with
funding for biological assessments and to estimate an economic
value for scientific information.

No matter who is paying, over the range of PBR levels eval-
uated it is more cost effective to increase PBR by increasing
tracklines to obtain a lower CV∗

Nbest than to increase the num-
ber of observer trips to achieve a lower CV∗

B (Table 2). In other
words, a dollar that is spent on the abundance survey to increase
tracklines yields a greater increase in PBR than a dollar that is
spent on observer trips. This is dependent on the cost differ-
ential between observer trips and tracklines per unit change in
their respective CVs and is also a function of the way in which
the CVs enter the PBR calculation. Both situations are likely to
persist in many cases.

The empirical results suggest that in this two-sector case,
throughout the range of PBR values examined, private benefits
always exceed public costs. The private sector would be better
off paying the costs of additional abundance survey tracklines,
observer trips, or both in order to keep PBR higher. That is,
the fishing industry has an economic incentive to help fund
data collection for harbor porpoise PBR calculations. (However,
if the population and productivity rate were in fact declining,
PBR would decline even with CVNbest and CVB set equal to
zero. For example, the North Atlantic right whale Eubalaena
glacialis, which is protected under the Endangered Species Act,
has a PBR equal to 1 [Waring et al. 2009]. This would remove
any incentive for the private sector to contribute funds to data
collection.) Although benefits to the fishing sector increase with
PBR, so do the costs of obtaining the data to allow for that
increase. For PBR values greater than 500 animals, the only
way to increase precision is to add observer trips at a much
higher cost per unit change in PBR than using aerial surveys; at
a PBR of 560 animals, the total NB are at a maximum. Thus,
the economically efficient level of PBR is below the upper end
of the PBR range. This conclusion incorporates a number of
assumptions that may result in an overstatement of the costs
and benefits; however, the representations are reasonable for
illustrating the framework.

This analysis may overstate the public cost for a number
of reasons. Both abundance surveys and observed fishing trips
deliver research information on multiple species. While abun-
dance surveys may target a particular species (e.g., the harbor
porpoise) to estimate encounter rates, data are collected for all
marine mammals and marine megafauna (e.g., sea birds, sharks,
and turtles). However, the data collected may not be statistically
sound for obtaining additional species abundance estimates. For
species with a low CV value (species frequently seen), the de-
sign needs fewer sea days in comparison with species that have
a higher CV (species rarely seen). A manager’s high-priority
species list with corresponding CVs of animal encounter rates
could be used to determine how many species can be assessed
adequately for a given budget year. Similarly, observers on com-
mercial fishing trips collect catch data on multiple species, in-
cluding bycatch and target species. Sampling priorities will also
produce different CVs for commercial fishery catch rates. If
there are economic efficiencies from collecting data for multi-
ple species, this may provide even more incentive for the private
sector to participate in marine mammal research so as to ensure
regular surveys and estimates with lower variance.

Additionally, public costs for the abundance estimate could
be reduced with the use of multiple survey platforms and new de-
sign methods that increase precision. In the case of the 1999 two-
platform (shipboard and aerial) survey, the combined CVNbest

was substantially lower at 22%; however, the costs per unit of
trackline were high. To date, there have only been two sur-
veys of such magnitude in the northeast USA (Palka 2012).
The 1999 combined ship and aerial survey for harbor porpoises
cost roughly $380,000 ($285,000 ship + $95,000 aerial; D.
Palka, NMFS, NEFSC, personal communication), and the cost
per kilometer of trackline surveyed was $111 (CVNbest = 15%)
for the ship versus $17 (CVNbest = 76%) for the plane (overall
CVNbest = 22%). Additional multi-cetacean survey designs have
been proposed as well as new methodologies and technologies
(C. Werner, paper presented at the National Marine Fisheries
Service Board Meeting, 2012). For example, a new methodol-
ogy for the harbor porpoise aerial survey was implemented in
2011, but it was not comparable with previous survey methods
(Palka 2012) and was therefore not included in this analysis.
Although the combined platform surveys or new methodologies
may result in higher per-unit costs, it is possible that the impact
on CVNbest could result in economic NB; however, multiple data
points are required to determine this relationship.

A number of factors could also affect the private sector ben-
efit analysis. We did not analyze the implications of transaction
costs and alternative bycatch reduction techniques. Implicitly,
we assume that transaction costs are zero for the transfer of
funds from the private sector to the public sector. The higher
are the transaction costs, the lower is the economic incentive
for the private sector to contribute to scientific data collection.
The dispersed gill-net fleet along the U.S. east coast could
make the collection and transfer of funds difficult to organize;
however, it is possible that funding could be organized through
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fishery management plans (e.g., the Research Set-Aside Pro-
gram; www.nefsc.noaa.gov/coopresearch/rsa program.html).
Additionally, gear modifications and technological advances
may provide lower-cost alternatives to reducing bycatch than
shifting effort, as modeled by Bisack and Sutinen (2006). If
fishers are able to mitigate the impacts of bycatch reduction
through less costly actions, there would be fewer benefits
from a higher PBR. This would lower the value of scientific
information to the fishing sector, as the gain in profits from
higher precision would be lower.

Underfunding of surveys can result in a net economic loss
to society, as demonstrated here. To plan for funding shortfalls,
the Proposed Guidelines for Assessing Marine Mammal Stocks
(Moore and Merrick 2011) formally addressed how outdated
stock assessments should be handled. As the abundance esti-
mates age, our knowledge about the stock decreases. This is
reflected by the increased variance (CV∗

Nbest ) around the point
estimate, Nbest, while the point estimate is left constant. The
result is a lower PBR for a given Nbest estimate. The problem
could be compounded further if there is an increase in the true
abundance due to the success of past protection practices. Thus,
in the absence of regular abundance surveys, it is not possible to
determine whether changes in bycatch rates from observed fish-
ing trips are due to (1) behavioral changes in the fishing fleet or
the animals or (2) an increase in abundance of the animals. This
may be an incentive for the private fishing sector to put pressure
on the public sector to conduct assessments more frequently.

The present analysis did not include an examination of the
value of information from life history assessments to marine
mammal management. Changes in Rmax from the default value
are rare, occurring only if there is some resounding evidence
from the peer-reviewed literature that the value has changed.
Such was the case for harbor porpoises during the 2009 stock
assessment (Waring et al. 2009). Life history assessments, which
may result in a change in the estimate of Rmax, are part of
longer-term research and are also subject to funding availability.
Potential biological removal is strongly influenced by changes
in Rmax estimates, such as those completed by Moore and Read
(2008). Potential biological removal increased by almost 100
animals when Rmax increased from 0.040 to 0.046. The scale
of the impact on PBR suggests that more assessments may be
appropriate.

We do not attempt to describe the full social NB anticipated
from marine mammal protection. The existence of the MMPA
suggests that the American public as a whole places a positive
value on marine mammals. A full analysis of social NB would
include an estimate of the dollar amount the American public
is willing to pay (i.e., WTP) to protect one or more harbor por-
poises. McConnell and Strand (1997) determined that the value
placed on harbor porpoises is statistically different between the
American public and scientists in the northeast; however, we
could not translate the results into a form useable in this study.
A positive WTP by the public to avoid bycatch of harbor por-

poises would reduce the total NB since each unit of bycatch
would have an associated cost. Depending on the scale of public
WTP compared with fishing sector profits, it is possible that
the economic incentive to move to higher PBR values could be
reversed.

Our analysis provides interesting first results, but further re-
search is necessary to determine the ability to generalize these
results. To demonstrate the case of the harbor porpoise, we used
a WTP curve (shadow value) based on previous research (Bi-
sack and Sutinen 2006) and updated the values to 2009 dollars;
however, management regimes for harbor porpoises and fish
have changed. Bycatch of harbor porpoises in the Mid-Atlantic
has become a larger component of overall bycatch (Waring et al.
2009), whereas the WTP curve is only for the northeast. To cal-
culate more precise tradeoff measures, the model would have to
be updated and expanded. However, we do not expect different
qualitative findings: we expect that the results will continue to
show that the value of scientific information to the private sector
exceeds the costs of funding surveys.

Within our model, the public and private sectors consider dif-
ferent economic problems in the management of marine mam-
mal bycatch. The public sector is minimizing costs to collect
scientific data that are necessary to meet regulatory require-
ments. The objective of the private sector is to maximize profits
within management constraints, such as PBR. The results of
this work could inform the budget process and lead to a more
efficient allocation of resources for the public sector. Our results
suggest that the private fishing industry may want to contribute
to funding the collection of scientific data on marine mammals
to reduce uncertainty, thereby allowing for a higher PBR.
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